As part of an effort to elucidate the molecular basis for the pathogenesis of NKX2.5 mutations in congenital heart disease using X-ray crystallography, the NKX2.5 homeodomain has been crystallized in complex with a specific DNA element, the À242 promoter region of atrial natriuretic factor. Crystals of the homeodomain-DNA complex diffracted X-rays to 1.7 Å resolution and belonged to space group P6 5 , with unit-cell parameters a = b = 71.5, c = 94.3 Å . The asymmetric unit contained two molecules of the NKX2.5 homeodomain and one double-stranded oligonucleotide.
Introduction
Congenital heart disease is the most common birth defect in humans (Hoffman, 1995) . The causes of congenital heart disease are multifactorial and both genetic and environmental factors have been implicated (Schott et al., 1998; Garg et al., 2003) . Genetic analyses have revealed that mutations in cardiac transcription factors, including the homeoprotein NKX2.5, cause congenital heart disease (Benson et al., 1999) and it has been estimated that approximately one to a few percent of CHD patients carry NKX2.5 mutations (Harvey et al., 2002) .
The NKX2.5 protein belongs to the NK family of homeoproteins, which play roles in the cell-type specification of many different tissues. NKX2.5 is preferentially expressed in cardiomyocytes and contributes to cardiac development and maturation (Akazawa & Komuro, 2005) . A substantial number of NKX2.5 mutations identified in congenital heart-disease patients are located in its homeodomain (HD; amino acids , indicating its functional importance (Benson et al., 1999; Goldmuntz et al., 2001; Gutierrez-Roelens et al., 2002; Kasahara & Benson, 2004; Schott et al., 1998) . The HD of NKX2.5 is highly homologous to the HDs of other NK-class protein members and binds to a consensus DNA motif, C/GAAG. One of the known downstream targets of NKX2.5 is atrial natriuretic factor (ANF) and NKX2.5 binds to the À242 region of its promoter (ANF À242; Durocher et al., 1997) . The ANF À242 region contains two palindromic NKX2.5-binding motifs and occupation of both binding sites by NKX2.5 has been reported (Kasahara et al., 2001) .
Among the various NK-class proteins, the NMR structures of Drosophila vnd/NK2 HD and rat NKX2.1 HD are the only threedimensional structures that have been determined to date (Gruschus et al., 1999; Esposito et al., 1996) ; no crystal structure of an NK-family protein is currently available. Here, we present the purification, crystallization and preliminary X-ray crystallographic analysis of the NKX 2.5 HD in complex with ANF À242 DNA containing palindromic binding sites.
Materials and methods

Protein expression and purification
The DNA encoding amino acids 138-197 of NKX2.5 was cloned into the EcoRI and HindIII sites of the pMALc2 vector (New England Biolabs) to express the protein as a maltose-binding protein (MBP) fusion protein. A tobacco etch virus (TEV) protease-cleavage site was introduced between MBP and NKX2.5 HD by inclusion of the protease-cleavage sequence into the forward primer. An HD construct with the oxidizable Cys193 substituted by Ser (amino acids 138-197; C193S) was generated by site-directed mutagenesis (Stratagene). For protein production, Escherichia coli BL21 (DE3) cells were transformed with plasmids and grown at 310 K in Luria broth. Protein expression was induced by the addition of 0.3 mM IPTG for 3 h. The bacteria were lysed by sonication for 4 min in 20 mM Tris pH 7.5, 0.2 M NaCl, 1 mM EDTA, 1 mM DTT (column binding buffer) and cell debris was pelleted by centrifugation at 27 000g for 30 min. The soluble MBP-NKX2.5 HD in the supernatant was purified by standard affinity chromatography using an amylose-agarose column (New England Biolabs). After the MBP-fusion protein had bound to the amylose-agarose column, the MBP tag was removed by incubating the column in 3 ml (one column volume) of column binding buffer containing 100 mg TEV protease for $14 h at 277 K. NKX2.5 HD was eluted from the column using 50 ml column binding buffer. Eluted fractions were further purified by cation-exchange chromatography using a Hi-Trap SP column (GE Healthcare) with a linear salt gradient from 50 mM to 1 M NaCl at pH 8.0. Since the eluted fractions contained high salt, the samples were diluted fourfold with 20 mM Tris pH 8.0.
The oligonucleotides for DNA cocrystallization were synthesized and purified using reverse-phase chromatography (Sigma Genosys). The double-stranded DNA was annealed in 10 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl 2 by heat denaturation at 368 K for 10 min followed by slow cooling to room temperature.
For protein-DNA complex purification, double-stranded DNA and NKX2.5 HD protein purified by affinity and cation-exchange chromatography were mixed in the ratio of roughly 1.5 NKX2.5 HD per DNA-binding site and concentrated using Amicon Ultra MW 10 000 (Millipore). The protein-DNA complex was purified by sizeexclusion chromatography on a Superdex75 gel-filtration column (GE Healthcare) using 20 mM Tris pH 8.0, 0.2 M NaCl, 10 mM DTT as elution buffer. The purified complex was analyzed by SDS-PAGE using a PhastSystem (GE Healthcare), concentrated to a final protein concentration of $10 mg ml À1 and stored at 193 K.
Crystallization of the NKX2.5 HD-DNA complex
Crystallization conditions for the NKX2.5 HD-DNA complex were screened by the sparse-matrix method using Nextal Nucleix Suite (Qiagen), Crystal Screens I and II and Natrix Screen (Hampton Research) crystallization screens. The hanging-drop vapor-diffusion method was employed using crystallization drops containing 1 ml protein-DNA sample and 1 ml reservoir solution equilibrated against 500 ml reservoir solution at room temperature. 10 mM DTT was added to the reservoir solutions.
X-ray data collection and processing and preliminary structure determination
For data collection, crystals were cryoprotected using a reservoir solution containing 30% 2-methyl-2,4-pentanediol and flash-frozen in liquid nitrogen. X-ray diffraction data were collected on the 22-ID beamline of the South East Regional Collaborative Access Team (SER-CAT) facility at the Advanced Photon Source (APS), Argonne National Laboratory using a MAR 300 CCD detector. For data collection, a crystal-to-detector distance of 200-300 mm, an oscillation angle of 1 and an exposure time of 1-5 s per image were used. The data were indexed and processed using HKL-2000 (Otwinowski & Minor, 1997) .
Twinning analysis was carried out using the programs TRUNCATE and DETWIN (Collaborative Computational Project, Number 4, 1994) and the Twinning Server (http://nihserver.mbi.ucla.edu/ Twinning; Yeates, 1997) . The molecular-replacement search was performed using Phaser (McCoy et al., 2007) with the crystal structure of the MSX-1 transcription factor HD-DNA complex (PDB code 1ig7; Hovde et al., 2001 ) as a search model. for the HD. The protein was then subjected to cation-exchange purification, taking advantage of the high pI (calculated pI of 11.4; Gasteiger et al., 2005) ; after analysis by SDS-PAGE, it was judged to be over 90% pure (data not shown).
Results and discussion
The purified protein was then mixed with double-stranded DNA at a ratio of 1.5 NKX2.5 HD per DNA-binding site in order to ensure full occupation of the DNA-binding sites with NKX2.5 HD protein.
The protein-DNA complex was purified by size-exclusion chromatography and the chromatography profile showed that the majority of the protein was present as higher molecular-weight complexes (Fig. 1a) with an estimated molecular weight of $30 kDa, corresponding to two HD molecules and one DNA duplex. Uncomplexed protein eluted later as a $14 kDa protein. This elution time point is earlier than that expected for NKX2.5 HD monomers (7.6 kDa), suggesting the presence of a dimeric form or an elongated shape of the uncomplexed protein. The purity of the protein after the last purification step was estimated to be over 95% based on SDS-PAGE analysis (Fig. 1b) .
More than ten oligonucleotides of various lengths (8-24) including the ANF À242 motif were used for co-purification and crystallization. Crystals were obtained within 1-3 d, but all showed poor diffraction quality and high mosaicity. To improve the quality of the crystals several additives were added to the reservoir solution, but many reacted with the added reducing agent, thereby hindering the crystallization process. To circumvent this problem, mutant NKX.2.5 HD in which the oxidizable Cys193 was replaced by Ser [NKX2.5 HD (C193S)] was constructed. An NMR experiment showed this protein to have similar binding characteristics as the wild-type NKX2.5 HD (Fodor et al., 2005) . The best-quality crystals were obtained with NKX2.5 HD (C193S) and a 19-mer: a blunt-ended ANF À242 DNA duplex (TGAAGTGGGGGCCTCTTGA/TCAAGAGGCCCCCA-CTTCA; Fig. 2) . The reservoir solution of the optimum crystallization condition for the NKX2.5 HD (C193S)-DNA complex consisted of 50 mM Tris pH 7.0, 5 mM MgCl 2 , 15% polyethylene glycol monomethyl ether 550. Crystallization drops contained 1 ml sample and 1 ml reservoir solution. The drops were equilibrated against 500 ml reservoir solution using the hanging-drop vapor-diffusion method at room temperature.
The diffraction data for the NKX2.5 HD (C193S)-DNA complex were collected on the APS 22-ID beamline at Argonne National Laboratory from a long rod-shaped crystal that diffracted to 1.7 Å resolution (Fig. 3) . The data were initially indexed and scaled in two possible hexagonal space groups: P6 5 22 and P6 1 22. Considering the unit-cell parameters and the molecular weight of the NKX2.5 HD (C193S)-DNA complex, one HD domain and one half of the doublestranded DNA were expected to be present in the asymmetric unit, with a solvent content of 58% (V M = 2.61 Å 3 Da À1 ; Matthews, 1968) .
After many unsuccessful attempts using various HD structures and search programs including AMoRe (Navaza, 1994) and MOLREP (Vagin & Teplyakov, 1997) , the phases for the NKX2.5 HD (C193S)-ANF À242 data were determined by molecular replacement using the MSX-1 HD-DNA complex structure and the program Phaser (McCoy et al., 2007) . An unambiguous solution was obtained in space group P6 5 22 (Z = 6.6) but not in P6 1 22 (Z = 4.6). When the model was positioned in a unit cell, a pair of DNA molecules related by twofold symmetry along the b axis formed a continuous helix. Subsequent iterative rounds of structural refinement using the rigid-body, simulated-annealing, conjugate-gradient energy-minimization and B-factor refinement options of CNS (Brü nger et al., 1998) failed to reduce the crystallographic R factor below 35% in this space group. The data were then reprocessed in the lower symmetry space group P6 5 and examined for merohedral twinning. The P6 point group was chosen over the lower symmetry groups P3, P312 and P321 because clear systematic absences indicated the presence of a 6 1 /6 5 screw axis. A hexagonal crystal of the NKX2.5 HD-ANF À242 complex. The crystal dimensions are 400 Â 80 Â 80 mm. 
Figure 3
Diffraction image of a crystal of the NKX2.5 HD-ANF À242 DNA complex obtained using synchrotron radiation at the Advanced Photon Source, Argonne National Laboratory (beamline 22-ID).
Data-processing statistics showed similar R merge values for both the P6 5 (6.8%) and P6 5 22 (7.0%) space groups. The detailed data statistics for space group P6 5 are presented in Table 1 . Twinning analysis of the data (Yeates, 1997) in space group P6 5 showed the crystal to be merohedrally twinned with a large twinning fraction (0.47). Subsequent refinement of the NKX2.5 HD (C193S)-DNA structure using the appropriate options in the CNS program suite (Brü nger et al., 1998) yielded better refinement statistics with R-factor values (both R cryst and R free ) below 28%. In particular, the maps generated using CNS-TWIN options in P6 5 showed ordered density for all base pairs. Crystallographic refinement of this structure is in progress. A high-resolution crystal structure of NKX2.5 HD will provide a detailed picture of NKX2.5-DNA interactions. This will enable the prediction of aberrations in the DNA binding of various mutant NKX2.5 proteins that have been identified in human patients with congenital heart disease.
